Abstract: Low viscosity aromatic hyperbranched polyester epoxy resin (HTBE) was synthesized by the reaction between epichlorohydrin (ECH) and carboxyl-end hyperbranched polyester (HTB) which was prepared from inexpensive materials A 2 (1,4-butanediol glycol, BEG) and B 3 (trimellitic anhydride, TMA) by pseudo one-step method. The molar mass of the HTB was calculated from its acid value by "Recursive Probability Approach". The degree of branching (DB) of the HTB was characterized by model compounds and 1 H NMR-minus spectrum technology, and the DB of the HTB was about 0.47~0.63. The viscosity and epoxy equivalent weight of the HTBE were 3,600~5,000 cp and lower than 540 g/mol respectively. The reaction mechanism and structure of the AB 2 monomer, HTB and HTBE were investigated by MS, 1 H NMR and FTIR spectra technology. The molecular size of HTBE is under 8.65 nm and its shape is ellipsoid-like as determined by molecular simulation.
Introduction
Epoxy resin is widely used as one of the important thermosetting resins. The current trend of its development is towards "solventless", "functionality" and "toughening and reinforcing". 1 Hyperbranched epoxy resins are of special interest as their easy synthetic accessibility, low viscosity, high solubility, large number of functional groups, allows for their production in large quantities and application on an industrial scale. In the literature, a number of different synthetic approaches of the predominant hyperbranched epoxy resins have been reported, including end group modification of hyperbranched polymers, 2, 3 proton transfer polymerization, [4] [5] [6] [7] end functionalization of hyperbranched poly(siloxysilane) 8 and functionalization of poly(methyl acrylate) by ATRP. 9 However, all these hyperbranched epoxy resins were either solid or high viscosity liquid and would need dilution with organic solvent, which is detrimental to environment. These types of hyperbranched epoxy resins thus were only used as toughener of common epoxy resin. [10] [11] [12] Several folds increase in fracture toughness was obtained for a commercial DGEBA epoxy resin using only 5% by weight of a hyperbranched epoxy resin toughener, 11 but their strength was found to decrease to some extent because of the low crosslinking density. In 2006, we 13, 14 reported two kinds of low viscosity aromatic polyester hyperbranched epoxy resins with low epoxy equivalent weight which not only increased toughness of diglycidyl ether of bisphenol-A (DGEBA) but also increased its tensile strength and flexural strength remarkably.
Some preparation technology of hyperbranched epoxy resins was based on expensive raw materials and relatively complex synthetic process. [2] [3] [4] [5] [6] [7] [8] [9] There are few literature available on the synthesis of economically inexpensive low-viscosity liquid hyperbranched epoxy resin. The present paper reports the synthesis and detailed characterization of a carboxyl-end hyperbranched polymer and a low-viscosity liquid hyperbranched epoxy resin from lower cost materials and simple technology.
Experimental
Materials and Instrumentation. Trimellitic anhydride (TMA), 1,4-butanediol glycol (BEG), tetrabutyl titanate (TBT), epichlorohydrin (ECH), diglycidyl ether of bisphenol A (DGEBA) containing 5.1 mmol epoxy group per gram of resin and other organic solvents were commercially purchased. 1 H NMR measurements were carried out on a 400 MHz *Corresponding Authors. E-mails: zhangdh27@163.com or psdmjia@scut.edu.cn Bruker NMR spectrometer with DMSO-d 6 as solvent. FTIR measurements were performed on a Bruker Vector 33 spectrometer using sealed cell (KBr 0.5 mm). A double focusing mass spectrometer (VG ZAB-HS) was used to obtain the fast atom bombardment ion mass spectrum on the base of 3 
Results and Discussion
Structure and Characterization of the AB 2 Monomer. Theoretically, the reaction of TMA with BEG produces two AB 2 monomer TB-1 and TB-2 with different structure (Figure 2) , small amout of TMA-BEG-TMA can also be obtained.
The FTIR spectra of TMA, BEG and the AB 2 monomer are shown in Figure 3 . The appearance of the strong absorption peak at 1710 cm -1 and the disappearance of the broad and strong absorption peak at 1720 and 1779 cm -1 from the anhydride group confirm that the anhydride group has reacted completely. From the mass spectrum of the AB 2 monomer in Figure 4 , the molecular ion peak of the monomer AB 2 and TMA-BEG-TMA are observed at the 281 and 473 respectively which confirms the structure of the AB 2 monomer and the TMA-BEG-TMA compound. H NMR spectra of the HTB, the proton of -OH group peaks at 3.5 ppm disappeared and the proton of -COOCH 2 CH 2 -group peaks at 4.3 ppm and 1.7 ppm become stronger, these information confirm that the hydroxy group of the compounds has been reacted completely. The appearance of the weak peaks at 2.5~3.0 ppm should be attributed to the proton of the -OCH 2 CH 2 CH 2 CH 3 group from TBT catalyst and DMSO-d 6 .
According to the polymerization mechanism of the HTB and the definition of the DB, 7, 17, 18 the resulting HTB contains the following units ( Figure 7 
The DB is the ratio of branched and terminal units to total units, i.e. 
NMR spectroscopy represents an important tool for the characterization of hyperbranched polymers since detailed analysis of the spectra permits extracting of information on both the degree of polymerization and the extent of branching. Therefore, it is appropriate to discuss the results of this method in detail. Hydrogen protons of phenyl demonstrate different chemical shift according to their structure. The proton signals of C 3 -H appear at 7.7~7.8 ppm, and those of C 5 -H and C 6 -H appear between 8.1 and 8.3 ppm (Figure 6 ). The chemical shift of C 3 -H proton depends on the substitution groups on neighboring carbon atom (C 2 and C 4 ). So, the proton signals of C 3 -H may be used to infer the degree of branching of HTB. Chemical structure of model compound TTB is similar to that of branching unit of HTB; therefore, the C 3 -H proton signals of TTB at 7.90 ppm should be those of the branching unit of HTB which appears as single peak since it has only one chemical structure (Figure 8) . Moreover, Chemical structure of TB (AB 2 monomer) is similar to that of the terminal unit of HTB, and all the C 3 -H proton signals of TB and terminal unit of HTB appear between 7.73 7.78 ppm and 7.81~7.85 ppm with two multiple peaks from two chemical structure (TU-1 and TU-2 in Figure 7) . The peak area ratio of 7. 73~7.78 ppm to 7.81~7.85 ppm should be remain constant since all the B-groups of TB-1 and TB-2 are equally reactive. 18, 19 While there are three linear units LU-1, LU-2 and LU-3, the chemical structure of LU-1 is similar to that of LU-2, the C 3 -H proton signals of linear units of HTB should appear as two multiple peaks. Peak area of linear unit chemical shift may be obtained by 1 H NMR-minus spectrum technology, 16 and that is to say, peak area of linear unit chemical shift is equal to the peak area of the branching and terminal units subtracts the C 3 -H proton signals of HTB. According to the above analysis, calculation data of different chemical structure units are obtained and shown in Table I , and degree of branching of HTB also be calculated. The molecular weight is very important data for the HBP. According to the polycondensation between hydroxy group and carboxy group, the acid value of the HTB can be used to calculate the degree of polymerization and further reckon the number-average molecular weight. Explicit relationships about theoretical average degrees of polymerization and average molar masses are established in AB f + B g monomer polymerization case by "Recursive Probability Approach", 20 and , , , p A and PDI satisfy the following relationships: (2) (3) Here, and refer weight-average degree and number-average degree of polymerization respectively. refers number-average molar mass respectively. p A refers fraction of A groups that have reacted, and PDI refers polydispersity index. x refers the ratio of the core B g to AB 2 monomer. M 0 and M AB2 refer molar mass of B g and AB 2 monomers respectively.
Acid value (A v ) refers to the milligram number of the KOH needed to neutralize one gram of resin. In the system, p B , A v and satisfy the following relationships:
Therefore, the relationship of A v and p B satisfy the following eqation: (6) In the system, since p A = f p B , f = 2, g = 3, so from the eq. (2)~eq. (6), the molecular weight can be calculated and are shown in Table II . Table II illustrates that of HTB calcuated by "Recursive Probability Approach" are almost equal to their theoretical molar mass. The relationship also confirms that the hydroxyl group of the compounds were reacted completely, consistent to disappearance of hydroxyl proton signal peak of the HTB at 3.5 ppm in Figure 6 .
Characterization of HTBE. The preparation mechanism of the HTBE comprises of the ring-open reaction between the HTB and ECH and the ring-close reaction of dehydrohalogenation. Therefore, the molecular weight of HTBE is decided by the corresponding molecular weight of the HTB and the number of their epoxy group. The qualitative analysis of the epoxy group is shown in Figure 9 . From Figure 9 , 16 The quantitative analysis of the epoxy group (Table III) is measured by titration method with hydrochloric acid-acetone solution, other properties also are shown in Table III .
The main characteristics of the HTBE are the low epoxy equivalent weight and low viscosity. Low epoxy equivalent weight can increase the curing rate and crosslinking density. Low viscosity property of the HTBE discards the use of organic solvents. Moreover, the viscosity of the HTBE reaches a maximum with the increase of the generation or molecular weight, and the minimum viscosity of the HTBE-1 is only 3,600 cp, much lower than the values reported. The relationship between the viscosity and the generation of the HTBE confirms that the structure of the HTBE is hyperbranched and possesses high DB. 21, 22 Low viscosity is attributed to the less hydromechanical volume and the high DB of the HBP. For the same molecular weight, the viscosity of HBP decreases with the decrease of hydromechanical volume and the increase of DB; the hydromechanical volume decreases with the increase of DB as well.
1,22 Figure 10 shows that molecular simulation size of all four kinds of hyperbranched epoxy resins belong to nanometer scope and the thickness of some section is not more than 1 nm, 23 moreover, there are much molecular level cavity in the HTBE structure. The nanometer size and ellipsoid-like shape of HTBE also result in lower hydromechanical vol- ume than does stick-like shape of linear polymer. Moreover, the dense branched structure, which results in a low amount of intra-and intermolecular entanglements, allows good flow and inherent relative low viscosity.
Hyperbranched epoxy resin HTBE were added into bisphenol-A epoxy resin (DGEBA), and the effect of the content and molar mass of HTBE on the viscosity of HTBE/DGEBA hybrid resin was studied and the result was shown in Figure 11 .
From Figure 11 , the viscosity of HTBE/DGEBA hybrid resins decrease sharply with the increase of HTBE. Moreover, the viscosity of hybrid resins containing 15~20 wt% HTBE is only 4,000~5,000 cp which is about 1/3~1/4 that of the viscosity of DGEBA (15,600 cp). So the functional hyperbranched epoxy resin can be used as a reactive thinner, and hopefully it may be widely applied in the fields of thermosetting resins and environmental-friendly resins.
Conclusions
The TMA and BEG monomers can be successfully used to synthesize carboxyl ended hyperbranched polymers (HTB) by a pseudo one-step method. Low viscosity and low epoxy equivalent weight hyperbranched epoxy resin (HTBE) also can be prepared by the reaction between carboxyl ended hyperbranched polymers and ECH. FTIR, ZAB and 1 H NMR measurements confirm that the reaction of TMA and BEG has taken place. The DB of HTB is calculated by 1 H NMR-minus spectrum technology. The number-average degree of polymerization and the molar mass of the HTB are calculated by "Recursive Probability Approach". Characteristics of HTBE, including molecular size, shape, epoxy equivalent weight and viscosity are obtained by molecular simulation and relevent measurements.
